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Semiconductor lasers based on quantum dot ͑QD͒ nanostructures are of great interest because of their unique optoelectronic properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] Ideally, the three-dimensional confinement of carriers in QDs results in a narrow symmetrical gain spectrum which in turn results in a large material differential gain, zero carrier-induced refractive index variation, and a zero linewidth enhancement factor ͑␣͒ at the energy corresponding to the gain peak. 7, 8 However, ideal QD optical properties are difficult to achieve as the presence of inhomogeneous broadening ͑arising from QD size fluctuations͒ and excited state transitions alter the gain spectrum. 9 Given such differences between the ideal and the real properties of QD lasers, a comparison establishing the differences between current QD lasers and conventional semiconductor lasers based on quantum wells ͑QW͒ is warranted.
In this letter we compare the spectral dependence of modal gain and linewidth enhancement factor for two types of lasers: a conventional GaInAs QW laser and a laser of the same design and GaInAs QW but with InAs quantum dots in the well forming the active media. Special attention is given to comparing material differential characteristics such as material differential gain and material differential carrierinduced refractive index. These materials characteristics, independent of parameters such as carrier recombination volumes that are nebulously defined for QDs, potentially allow a more meaningful comparison than the corresponding modal properties.
The InAs quantum dots were grown by molecular beam epitaxy on a GaAs ͑001͒ substrate in a compressively strained Ga 0.85 In 0.15 As quantum well which had a thickness of 10 nm as described in Ref. 10 . The QD lasers had a single layer of InAs quantum dots. The same technique was used to grow QW lasers, which had an identical layer structure to the QD lasers except that dots were not grown. The QD and QW structures were fabricated into 30 m ridge-waveguide lasers. The threshold current density and lasing wavelength of these devices were determined to be 200 A cm Ϫ2 and 1250 nm, respectively, for the QD laser and 340 A cm Ϫ2 and 985 nm, respectively, for the QW laser.
Values of the material differential gain dG/dN, where G is the material gain and N is the carrier density, and the material differential index dn/dN, where n is the carrier induced index of refraction, and the ␣ factor are determined in the following way. First, the below-threshold amplified spontaneous emission spectra are measured using a Fourier transform infrared spectrometer that had optical resolution of 0.125 cm Ϫ1 and repeatability better then 0.06 cm Ϫ1 . Farfield spatial filtering was used to ensure single transverse mode collection. 11 The lasers were excited by current pulses with a duty cycle of 0.5% ͑pulse width 100 ns͒ to avoid heating effects. The modal gain, g m , modal carrier induced refractive index change, ⌬n m , and the linewidth enhancement factor were obtained using the Hakki-Paoli method. 12 Next, a conversion of the experimental modal laser characteristics dn m /dJ and dg m /dJ, where J is the current density, to their three-dimensional material values is performed. We assume that all carriers recombine in the gain region, and there is no carrier leakage for the QD and QW lasers under investigation. This assumption is supported by the complete lack of detectable light emission from the barrier layers for the experimentally relevant range of current densities in these QW and QD lasers. Also, large radiative efficiencies ͑ϳ80%͒ have been reported for these QD lasers. 13 We note in anticipation of the results that all volume terms will drop out in the end. The conversion is performed in the following manner. First these parameters are written as
where ⌫ is the optical confinement factor. 3 ) to the experimental data. N is obtained from Eq. ͑3͒, and K is a coefficient independent on J.
In the QD laser the effective thickness of optical mode is calculated as d optic QD ϭd optic QW ϫ⌫ (1.26 eV) /⌫ (1 eV) , where QW confinement factor ⌫ (1 eV) ϭ0.03 for the 1 eV photon energy corresponding to the peak of the QD emission. The QD laser effective carrier lifetime was obtained from a laser impedance measurement and equal to 780 ps at a current density equal to eighty percent of the threshold value. 13 This value is comparable to the carrier lifetime 16 and PL decay time 17 reported by other research groups.
The spectral dependence of the modal gain at various sheet carrier densities and of the differential gain and ␣ factor at current densities 80% of threshold values for the QD and QW lasers are shown in Fig. 1 for a representative subset of the data. Two general observations may be made concerning the properties of QD and QW lasers at this injection current. The rate of change of the ␣ factor with photon energy is considerably smaller in the QD laser than in the QW laser in the low-energy part of the spectrum. Thus, the QD ␣ is practically independent of photon energy over a 20 meV range. The QW result is comparable with previous measurements of the spectral dependence of the ␣ factor in a GaInAs QW. 11 The modal gain of the QD laser decreases from its peak value seven times slower with photon energy than the modal gain of the QW laser. The result is that the gain bandwidth of the QD laser is much broader than the bandwidth of the QW laser. This effect is primarily the result of the large inhomogeneous broadening arising from quantum dot size fluctuations.
A blueshift of the gain spectra was observed with increasing carrier density due to band filling in both the QD and QW lasers. However, the change rate of the gain peak with sheet carrier density is up to 15 times larger in the QD laser than in the QW laser, consistent with a smaller density of states for the QDs. The differences in the optical properties of QD and QW lasers originate in the differences in the magnitude and energy dependence of the density of states in these lasers. 1, 7, 8 A summary of the modal and material parameters of QD and QW lasers is presented in Table I . It demonstrates that the material parameters of the QD active region dn/dN and FIG. 1. The spectral dependence of the modal gain, material differential gain, and linewidth enhancement factor for the QD and QW lasers. Closed inverted triangles, diamonds, and triangles represent the modal gain of the QD laser and correspond to the sheet carrier densities of 6.6, 7.6, and 8.5 ϫ10 11 cm Ϫ2 , respectively. Open inverted triangles, diamonds, and triangles represent the modal gain of the QW laser at densities of 24.5, 25.5, and 26.5ϫ10 11 cm Ϫ2 , respectively. Closed and open circles represent material differential gain between sheet carrier densities of 8.5 and 7.6 ϫ10 11 cm Ϫ2 for the QD laser and between 26.5 and 25.5ϫ10 11 cm Ϫ2 for the QW laser, respectively. Closed and open squares represent the linewidth enhancement factor for these same sheet carrier densities for the QD laser and for the QW laser, respectively. All curves are an aid to the eye. The modal parameters dn m /dJ and dg m /dJ are nearly six times smaller in the QD laser. This is predominantly due to the larger spontaneous emission rate in QD lasers compared with QW lasers, as can be seen by considering Eqs. ͑2a͒ and ͑2b͒. As the other factors have approximately the same value, the carrier lifetime becomes the principal source of the difference between modal values and the material values.
For low energy transitions, the ␣ factor is up to two times smaller in the QD laser. However, the minimum values of the linewidth enhancement factor are approximately the same in the QD laser and QW laser and are equal to 2.4 and 2.7, respectively. This relatively large ␣ factor in the QD laser suggests contributions from excited QD states and from states in the QW result in an asymmetrical gain profile for this QD structure.
In conclusion, the spectral dependence of the gain and linewidth enhancement factor was compared below threshold in QD and QW laser structures. The rate of change of the ␣ factor with photon energy for low-energy transitions is much smaller in the QD laser than in the QW laser, and as a result, the QD ␣ factor is almost independent of energy over a 20 meV range. The ␣ factor was up to two times smaller in the QD laser than in QW for low-energy transitions. The material differential gain dG/dN and material differential carrierinduced refractive index dn/dN are found to be approximately three times smaller in the QDs, but the QD modal differential gain dg m /dJ and modal differential carrier induced refractive index dn m /dJ are about six times smaller than those of the QW laser. This sixfold decrease of the modal differential carrier-induced refractive index makes QD lasers particularly attractive for applications requiring low frequency chirp.
